A biochemical and morphological investigation of the mechanism of entry of vesicular stomatitis virus (VSV) into host cells of mammalian (HeLa), avian (CER), piscine (EPC) and arthropod (Aedes albopictus) origin, is described. VSV was capable of infecting all cell lines tested by a endosome-and/or a lysosome-dependent step since ammonium chloride and amantadine blocked the early stages of infection. Complement-dependent immune lysis of infected host cells provided evidence that in none of the four different cell types examined did insertion of VSV antigens occur from the outside to any great extent on the cell surface. When the entry process was studied by electron microscopy, virus particles were seen to be bound to the cell surface at 0 °C. After warming at 37 °C for homeothermic cells or at 26 °C for poikilothermic cells, virus was detected within coated pits and coated vesicles and, later, in lysosomes. VSV entry was seen to take place by endocytosis in all four cell lines, which were derived from phylogenetically unrelated species.
INTRODUCTION
Vesicular stomatitis virus (VSV), a representative member of the rhabdovirus family, penetrates through the plasma membrane of host cells by a mechanism that has long been controversial. Whereas Simpson et al. (1969) and Dahlberg (1974) , using a high multiplicity of infection, observed intact viral particles in phagocytic vesicles of L cells, Heine & Schnaitman (1971) provided evidence of a process involving fusion of the viral membrane with the cytoplasmic membrane and subsequent release of the viral nucleocapsid into the cytoplasm. Other investigations demonstrated that the infection can be blocked by lysosomotropic agents, which are known to prevent the uncoating of some enveloped viruses, thus implicating endocytosis in the VSV entry process (Shimizu et al., 1972; Lenard & Miller, 1982; Schlegel et al., 1982; Matlin et al., 1982; Bussereau et al., 1983; Superti et al., 1985) .
Since chloroquine did not block infection of BHK 21 cells by VSV but merely reduced the virus yield, it was postulated by McCoombs et al. (1981) that endocytosis did not play an essential role in the infection of these cells. Moreover, chick, BHK 21 and mouse 3T6 cells infection with VSV at very high multiplicities were found to be sensitive to lysis by antiviral antibody and complement, a finding that led Fan & Sefton (1978) to postulate that alternative entry pathways may be operative.
We decided to investigate the mechanism of entry of VSV into cell lines of mammalian, avian, piscine and arthropod origin, from the biochemical and ultrastructural viewpoint. These phylogenetically unrelated cells were chosen because they represent susceptible hosts in which VSV can replicate, producing viral progeny at various titres or persistent infections , in order to clarify whether the different findings on VSV-cell interactions could be related to the host cell system.
We report that the entry pathway of VSV into phylogenetically unrelated permissive cells is similar for all and appears to be by adsorptive endocytosis. For electron microscopical studies, the virus was pelleted by ultracentrifugation (Spinco rotor SW40; 80000 g; 4 °C; 2 h).
Cells. HeLa $3 and CER (chicken embryo-related) cells were grown as monolayers at 37 °C in Eagle's MEM containing 1.2 g of NaHCO3 per litre and supplemented with 2 mM-glutamine and 10~o foetal calf serum or newborn calf serum respectively. EPC (epithelioma papulosum cyprini) cells were grown at 26 °C in Eagle's MEM containing 1-2 g of NaHCO~ per litre and supplemented with 20~o foetal calf serum and 2 mM-glutamine. Aedes albopticus (mosquito larvae) cells were propagated at 26 °C in Mitsuhashi-Maramorosch medium supplemented with 20~ foetal calf serum.
Assays for the effects of lysosomotropic agents on VSV infection. Stock solutions of ammonium chloride (NH4Cl)
and amantadine (Sigma) in phosphate-buffered saline (PBS) were 400 m~ and 50 raM, respectively. When necessary, the pH was adjusted to neutrality with NaOH or HC1 and appropriate dilutions were added to cell culture media (pH 7.4). Cells were grown in microtissue chamber slides (Miles Laboratories) for 24 h in 5 ~ COz at 37 °C (HeLa and CER cells) or at 26 °C (EPC and A. albopictus cells). The monolayers were placed in an ice-water bath, washed with ice-cold medium and infected with VSV suspended in precooled medium at 1.5 p.f.u./cell (HeLa and CER cells) or 15 p.f.u./cell (EPC and A. albopictus cells). This m.o.i, was expressed as p.f.u./CER cell because, in our experimental conditions, VSV failed to produce plaques in EPC or A. albopictus cells.
After 1 h at 0 °C, the cells were washed with prewarmed medium and incubated for 8 h in 5~o CO~ at 37 °C (HeLa and CER cells) or 26 °C (EPC and A. albopictus cells). The percentage of infected cells was determined by indirect immunofluorescence.
Different experimental designs were used: (i) the cells were preincubated with the lysosomotropic agents which were removed just before VSV infection; (ii) the cells were incubated with the drugs during the virus attachment step at 0 °C for 1 h, the drugs were removed together with the virus inoculum, and the temperature was shifted to 37 °C or 26 °C; (iii) the drugs were added at different times and for various periods of time after the virus attachment step.
Antiserum. Anti-VSV serum was prepared from rabbits immunized with concentrated, inactivated VSV suspended in complete Freund's adjuvant. The virus was inactivated by fl-propiolactone treatment (flpropiolactone 1 : 6000; 4 °C; 24 h) and by exposure to ultraviolet light for 2 h. To remove antibodies reacting with uninfected cell antigens, the anti-VSV serum was adsorbed with HeLa, CER, EPC and A. albopictus cells by incubating 0.5 ml of antiserum with a confluent monolayer of cells in a Corning 75 cm 2 tissue culture flask for I h at 37°Cor2hat26°C.
Immunofluorescence. Virus-infected cell monolayers were washed with PBS (pH 7.4) and fixed with absolute acetone for 10 min at -20 °C. After incubation with anti-VSV rabbit serum for 45 min at 37 °C, cells were washed with PBS and stained with fluorescein isothiocyanate-conjugated anti-rabbit gammaglobulin antibodies (Behring Institute, Marburg, F.R.G.). After 45 min at 37 °C, cells were washed with PBS, mounted in glycerol and viewed through a fluorescence microscope. The results were expressed as the percentage of infected cells in treated and untreated cultures.
Complement-dependent immune lysis. Confluent monolayers of HeLa, CER, EPC and A. albopictus in 24-well plastic trays (Falcon) were infected with VSV at m.o.i, of 125, 250, 500, 1000 and 2000 p.f.u./cell in the different media (pH 7.4). Viruses were allowed to adsorb and penetrate for 60 min at 37 °C or 26 °C; the cells were then washed three times with PBS and suspended in Hanks' solution at a concentration of 2 × 106 cells/ml.
The complement-dependent immune lysis test was performed in Terasaki plates according to the microtechnique described by Hors (1979) using rabbit complement (Behring Institute) and 2 x 103 target cells/well. In these experiments controls were included in which VSV was diluted in cell culture media at pH 5. " *To determine the cytotoxic effect, cells in tissue culture chambers were incubated with the drugs at different concentrations. After a 24 h incubation period, cell morphology, viability and yield were examined. Results are expressed as complete cytotoxicity (+ +) when at least one of these mentioned parameters was fully positive, as partial cytotoxicity (+) when one parameter was positive in 50~ of cells, and as absence of cytotoxicity (-) when parameters were comparable to controls.
RESULTS

Toxicity of NH4CI and amantadine in different cell lines
NH4C1 and amantadine were used as lipophilic amines because they are known to inhibit the entry process of enveloped viruses into host cells. They accumulate in lysosomes and raise the internal pH (Ohkuma & Poole, 1981) thus impeding the release of the nucleocapsid to the cytoplasm.
Cell morphology, viability (as determined by neutral red uptake in dispersed cells), and cell yield were examined in uninfected cells treated with different doses of NH~C1 and amantadine for 24 h in order to evaluate whether the lysosomotropic agents were toxic for the host cells, as reported in Table 1. No cytotoxic effect was observed in the different cell monolayers at concentrations of 40 mM-NH4C1 and 0.4 mM-amantadine. CER cells appeared the most sensitive to damage by both drugs because a partial cytotoxicity was observed with 80 mM-NH4C1 and 0.8 mM-amantadine. A. albopictus ceils were the least sensitive to the toxicity of the drugs and only the highest concentrations tested caused cell alterations.
Dose response curve of NH4Cl and amantadine on multiplication of VSV in the different cell lines
Experiments were carried out to determine the ability of the virus to multiply in the presence of various concentrations of the drugs. Data showing the inhibitory effects of the lysosomotropic agents on the infectivity of VSV are summarized in Table 2 . In these experiments the drugs were added at the time of infection and were present in the medium for 8 h. Under these conditions it appeared that 20 mM-NH4C1 and 0.1 mM-amantadine were the minimum concentrations of the drugs capable of inhibiting viral antigen synthesis in all cell systems as monitored by immunofluorescence assay.
A dose-dependent effect of both amines was observed (Table 2) ; in CER and A. albopictus cells treated with amantadine, a low percentage of cells actively engaged in the production of VSV-related antigens was observed even at the highest concentrations tested.
Lack of direct inactivating effect of NH4Cl and amantadine on the infectivity of VSV
The putative virucidal effect of the lysosomotropic agents on VSV was tested by incubating the virus (2.4 × 106 p.f.u./ml) in culture medium containing the amines at the minimum were added to the cells at the time of infection and incubated for 8 h.
inhibiting concentration (20 mM-NH4C1, 0.1 M-amantadine) for 8 at the same temperatures used for the cell cultures. The residual infectivity of VSV for the different cell lines was measured by immunofluorescence. The results obtained (data not shown) indicated that these compounds did not modify the infectivity of the virus.
Effect of NH4CI and amantadine on the different stages of VS V infection of HeLa, CER, EPC and A. albopictus cells
The results reported in Table 2 provided evidence that VSV multiplication in the different cells was blocked by lysosomotropic agents. We tried then to establish which phase of the infectious cycle was affected by NH4CI and amantadine. In these tests the drugs were used at the concentrations giving the greatest inhibition (20 mM-NH4C1 and 0-1 mM-amantadine).
The drugs were added before, during or at different times after infection as described in Methods. The infection was synchronized by temperature shift: virus was first allowed to bind to the cell membrane at 0 °C for 1 h and then allowed to enter the cells by raising of the temperature to 37 °C or 26 °C. No inhibition was observed when the drugs were preincubated with the cells and removed before viral infection, nor when they were added only during the virus attachment step, suggesting that the inhibitory effect took place after the binding of VSV to susceptible cells.
This was confirmed in experiments in which the compounds were present for limited periods after infection (Fig. 1, 2) . The drugs were added to the medium immediately after the viral attachment step and removed from the infected cultures after 0.25, 0.5, 1, 2 or 8 h (Fig. 1) . The cultures were then examined for the proportion of infected cells by immunofluorescence staining 8 h after infection. Fig. 1 shows that both drugs caused complete inhibition if present for 8 h after the attachment step, with the exception of amantadine treatment of CER and A. albopictus monolayers in which 25% and 30% respectively of cells were still infected.
NH4C1 had an earlier effect and, after 30 min, gave 98% inhibition in HeLa cells and 75% inhibition in CER and EPC cells. No inhibition was observed at this time with amantadine treatment in CER or EPC cells, whereas HeLa cells were sensitive, showing a 60~o reduction of the infected cell number. Fig. 2 shows the results obtained when, after virus attachment, cells were incubated with medium for different time intervals before the addition of the drugs (15 and 30 min, 1 and 2 h). Addition of NH4C1 2 h after the attachment step did not inhibit viral replication. With amantadine treatment, at the same interval of time, more than 70~ of HeLa, CER and EPC cells were infected. Remarkably, addition of amantadine 2 h after the temperature shift was still capable of inhibiting the replication of VSV in about 50~ of the A. albopictus cells.
The experiments showed that the lysosomotropic agents interfered with the multiplication of VSV in mammalian, avian piscine and arthropod cell lines at an early stage of infection and suggested that the mechanism by which VSV enters these cells may be adsorptive endocytosis.
Complement-dependent immune lysis of infected cells
Since the experiments described in the previous section suggested that, at low mlo.i. (1-5 p.f.u./cell or 15 p.f.u./cell), VSV enters the cells by endocytosis, it appeared necessary to ascertain what happened when cells were infected with a larger number of virus particles as required for the electron microscopy studies.
Fusion of cells by VSV was first described by Heine & Schnaitman (1971) and later demonstrated, at extremely high m.o.i., by complement-dependent immune lysis of infected chick, BHK 21 and mouse 3T6 infected cells (Fan & Sefton, 1978) . In our experiments cell monolayers were infected with VSV at various multiplicities for 1 h at 37 °C or 26 °C, then the cells were tested for complement-dependent immune lysis in order to determine the percentage of lysis (Table 3) These data provided evidence that in the four different cell types examined, after the virus 20 50 * Rabbit complement was used at a concentration of 1/50, chosen because it did not cause significant lysis of uninfected cells.
Anti-VSV antibody was used at a concentration of 1/5, chosen because it did not cause significant lysis of uninfected cells. attachment step, retention of VSV antigens in the cell membrane during penetration (at pH 7-4) occurred to a very low extent.
Virus binding and internalization as revealed by electron microscopy
Electron microscopy of VSV entry in HeLa, CER, EPC and A. albopictus cells was carried out to provide additional data. A complete analysis of virus-cell interactions was performed after synchronization of the infection at 0 °C for 60 min in order to allow only adsorption of virus particles to the plasma membrane. Subsequently, virus internalization was triggered by raising the temperature to 37 °C for HeLa and CER cells and to 26 °C for EPC and A. albopictus cells.
Cell monolayers were then fixed with cold glutaraldehyde at the end of the attachment step or at different times after the temperature shift ( Fig. 3 to 6) , In panel (a) of each figure, binding of viral particles to the plasma membrane of the different cells studied is shown. VSV virions did not bind preferentially to any site of the cell surface and were randomly orientated with respect to the membrane plane. Soon after warming, virus particles were seen to enter coated pits (Fig.  3b, 4b, 5b , 6b) and at later times coated vesicles, each containing a single or more rarely two viral particles, were observed near the cell membrane (Fig. 3c, 4c, 5c, 6c) . After a delay of 30 rain for EPC and A. albopietus cells, large smooth surface vacuoles were detected in the cytoplasm and within them several viral particles could be seen (Fig. 5d, 6d ). Similar structures were rarely observed in HeLa and CER cells which more often exhibited small vacuoles containing one or two viruses. These vacuoles could be seen as early as 15 min after the temperature shift (Fig. 3d, 4d ) and almost completely disappeared during the following 45 min of incubation. In no case was there evidence of virus fusion with the cell membrane, even after extensive observation.
Entry mechanism of VSV 393 Fig. 3. (a) A virus bound to the plasma membrane of an HeLa cell after 1 h attachment at 0 °C. (b) After 1 min incubation at 37 °C; virion located in a coated pit. (c) Five min after temperature shift; coated vesicle containing VSV particle in the cytoplasm. (d) Two virions in a vesicle after 15 min incubation at 37 °C. Bar marker represents 100 nm.
D I S C U S S I O N
The entry of VSV into cells of mammalian, avian, piscine and arthropod origin has been studied from the biochemical and ultrastructural viewpoint. The results obtained in the F. SUPERTI AND OTHERS and 0.1 mM-amantadine. Inhibitory effects of lipophilic amines have been previously reported for VSV (Shimizu et al., 1972; Lenard & Miller, 1982; Schlegel et al., 1982; Matlin et al., 1982; Bussereau et al., 1983; Superti et al., 1985) and for other enveloped viruses (Koff & Knight, 1979; Oxford & Galbraith, 1980; Helenius et al., 1980; Marsh & Helenius 1980; Matlin et al., 1981 ; Miller & Lenard, 1981 ; Marsh et al., 1983 ; Superti et al., 1984; Reagan & Wunner, 1984) .
The inhibition of VSV early antigen synthesis following incubation of virus-infected cells with different non-cytotoxic concentrations of lipophilic amines showed a dose-dependent relationship. Infection was completely blocked in all cell cultures when NH~C1 was present throughout viral multiplication. Under the same conditions amantadine completely inhibited the synthesis of viral antigens in HeLa and EPC cells, whereas 25~ and 30~ of CER and A. albopictus cells were still actively engaged in the production of virus-related antigens. This different sensitivity to the amines may be due to differences in the permeability of cellular compartments to amantadine, but other mechanisms cannot be excluded. Experiments in which the minimum inhibitory concentrations of the drugs were present for different times after the attachment step confirmed that inhibition took place at an early stage of VSV infection. NH4C1 had an earlier inhibitory effect that was evidenced when the drug was present in the culture media for only 30 min, whereas amantadine inhibition was lower at that time and reached maximum values when the incubation was prolonged up to 2 h after infection. This suggests that NH4C1 inhibits VSV infection only at the level of the delivery of the virus from the endosomes and/or lysosomes into the intracytoplasmic compartment. Amantadine has a less specific action since in addition to its early lysosomotropic effect it also seems to inhibit some later stage of VSV infection. The difference in the action of the two amines ( Fig. 1 and 2 ) might arise from differences in their diffusion rate, ability to inhibit the proton pump, or other factors, but not from any intrinsic differences in their ability to raise the pH. Neither of the drugs significantly modified virus binding or internalization and both were much less effective if added 2 h after the attachment step. Some differences were observed with amantadine in A. albopictus cells. Since the effect of lipophilic amines on cells is to raise the pH of lysosomes (De Duve et al., 1974; Ohkuma & Poole, 1978) and presumably the pH of any other organelles of low pH, it is reasonable to assume that they affect a endosome-and/or lysosome-dependent stage during the infection.
Taken together, these data support the idea of an endocytic pathway similar to that utilized by VSV for the entry into Vero cells (Schlegel et al., 1982) and into MDCK cells (Matlin et al., 1982) . This entry is not host-dependent, since it takes place in cells belonging to unrelated species with different growth requirements (medium, temperature, pH) and different degrees of viral permissiveness .
To verify whether any membrane fusion occurred in the VSV entry process, complementdependent immune lysis tests were performed in host cells infected at different multiplicities (from 20 to 2000 p.f.u./cell). At up to 1000 p.f.u./cell no lysis was observed in any type of cells, while at 2000 p.f.u./cell a slight increase on sensitivity to antiviral antibody and complement was shown by CER, EPC and A. albopictus infected cells. A previous report by Fan & Sefton (1978) indicated variability in the sensitivity to complement-dependent immune lysis between VSVinfected BHK 21, MDBK and 3T6 cells, a low percentage oflysis being observed at high m.o.i. in the order of 2000 p.f.u./cell. In our experiments, we demonstrated that even when the m.o.i was as high as that needed for electron microscopy investigations, the expression of VSV antigens on the cell surface occurred to a minimal extent.
Electron microscopical observations of VSV early interactions with different host cells further confirmed the endocytic pathway of the virus. Fusion of the viral particles with the cell surface was observed at no time after the temperature shift in any of the cell lines investigated. In agreement with previous reports of Simpson et aL (1969) , Dahlberg (1974) and Matlin et al. (1982) , viral particles were observed to be in contact with microvilli as well as with nonspecialized portions of the cell membrane, suggesting that no specific area of the cell surface is involved in VSV binding.
Virions showed no preferential orientation in their adsorption to the cells. Binding of VSV occurred mostly in coated pit-like structures, less frequently in uncoated pits. These structures appeared to evolve rapidly into coated vesicles which could be observed in the peripheral area of the cytoplasm and contained usually a single viral particle. Larger vacuoles with smooth surfaces could be observed thereafter in the cytoplasm, some of them containing several virions. As short a period as 15 min seemed to be required for the appearance of masses of these structures in HeLa and CER cells, while in the other two cell lines tested the appearance of a similar amount required twice that time. This may be either the consequence of the different temperatures at which incubation was performed, or actually reflect a slower rate of endocytosis in the piscine and arthropod cells.
Since the subsequent fusion of virus-containing endocytic vacuoles with lysosomes would lead to hydrolytic degradation of virions, it has been suggested that virus replication in the cell is strictly dependent on its gaining prompt access to the cytoplasm, probably by fusion with the endosome membrane (Marsh et al., 1983) . Consistent with this hypothesis, we found that the virus accumulates to a relatively slight extent in lysosomes of HeLa and CER cells compared with both piscine and arthropod cells. This observation may be helpful in understanding the different VSV yield in homeothermic and poikilothermic host cells. The combined morphological and biochemical evidence suggests that endocytosis follows binding of the virus to the surface of the cells of different origins, and that this mechanism of penetration is common to totally unrelated host cells.
